The amino acid sequence of component 8c-1 from a-keratin was analysed by using secondary-structure prediction techniques, homology search methods, fast Fourier-transform techniques to detect regularities in the linear disposition of amino acids, interaction counts to assess possible modes of chain aggregation and assessment of hydrophilicity distribution. The analyses show the following. (i) The molecule has two lengths of coiled-coil structure, each about 20 nm long, one from residues 56-202 with a discontinuity from about residue 91 to residue 101, and the other from residues 219-366 with discontinuities from about residue 238 to residue 245 and at about residue 306. (ii) The acidic and basic residues in the coiled-coil segment between residues 102 and 202 show a 9,4-residue structural period in their linear disposition, whereas between residues 246 and 366 a period of 9.9 residues is observed in the positioning of ionic residues. Acidic and basic residues are out of phase by 1800. Similar repeats occur in corresponding regions of other intermediate-filament proteins. The overall mean values for the repeats are 9.55 residues in the N-terminal region and 9.85 residues in the C-terminal region. (iii) The regions at each end of the protein chain (residues 1-55 and 367-412) are not a-helical and contain many potential f8-bends. (iv) The regions specified in (iii) have a significant degree of homology mainly due to a semi-regular disposition of proline and half-cystine residues on a three-residue grid; this is especially apparent in the C-terminal segment, in which short (Pro-Cys-Xaa)n regions occur. (v) The coiled-coil segments of component 8c-1 bear a striking similarity to corresponding segments of other intermediate-filament proteins as regards sequence homology, structural periodicity of ionic residues and secondary/tertiary-structure predictions. (vi) The assessments of the probabilities that these homologies occurred by chance indicate that there are two populations of keratin filament proteins. (vii) The non-coiled-coil regions at each end of the chain are less hydrophilic than the coiled-coil regions. (viii) Ionic interactions between the heptad regions of components 8c-1 and 7c from the microfibrils of a-keratin are optimized when a coiled-coil structure is formed with the heptad regions of the constituent chains both parallel and in register.
INTRODUCTION
The preceding paper (Dowling et al., 1986) describes the determination of the amino acid sequence of component 8c-1, one of the eight proteins constituting the microfibril in cortical cells of the Merino wool fibre. The microfibrillar proteins, isolated as S-carboxymethyl derivatives, comprise two families of proteins, the component 7 family and the component 8 family, both of which have four homologous members (Crewther et al., 1980a) . Studies on solutions of these proteins and of the two types (I and II) of helical segment excised from them by chymotryptic digestion (Crewther & Dowling, 1971) indicate that members of the component 7 family associate specifically with members of the component 8 family to form complexes stabilized by interactions between a-helices (Crewther et al., 1968; Crewther et al., 1980b; Gruen & Woods, 1983) .
X-ray-diffraction analysis of porcupine quill, which gives a diffraction pattern characteristic of hard a-keratins, indicates a high degree of regularity in the microfibrils (see Fraser et al. 1972 , and helical models for the structure of the microfibril have been proposed on the basis of these data (Fraser et al., 1972 Fraser & MacRae, 1983; Crewther et al., 1983) . In the present paper, predictive method are applied to the amino acid sequence of component 8c-1 to indicate the most probable structure and location of the native chain in the microfibril. EXPERIMENTAL Methods of sequence analysis (i) Secondary structure. The Robson (Gamier et al., 1978) and Chou-Fasman (Chou & Fasman, 1974a,b) methods were used to predict secondary structure in component 8c-1 on the basis of the amino acid sequence.
(ii) Sequence homology. The MATCH program, which incorporates the methods and statistical tests described by Gibbs & McIntyre (1970) , was used extensively to search for both intra-chain and inter-chain sequence homologies. Sections of amino acid sequence up to 240 residues in length were compared and coincidences of residues tabulated. The number of coincidences were compared with those arising from a random sequence and a measure of the significance of any homology discovered was calculated by using (primarily) the x2 statistical test.
(iii) Periodic features. Regularities in the linear disposition of apolar, acidic and/or basic residues in the sequences of fibrous proteins Parry, 1975 Parry, , 1979 Parry, , 1981a McLachlan & Stewart, 1976; Parry et al., 1977) were determined by using the fast Fourier-transform technique Parry, 1975 Parry, , 1979 McLachlan & Stewart, 1976) .
(iv) Inter-chain interactions. In a-helical regions heptapeptide pseudo-repeats ((a-b-c-d-e-f-g ). with a and d apolar) indicate the presence of a coiled-coil rope structure (Crick, 1953) . In addition to apolar interactions, inter-chain ionic interactions of the type 2e'-lg, lg'-2e, 2a'-lg, Ig'-2a, le'-ld and ld'-le are possible (see Parry et al., 1977) . Such interactions were calculated as a function of heptad stagger, chain combination and relative chain direction Parry et al., 1977) . Where appropriate, sequence data for component 8c-1 were compared with similar data for microfibrillar protein, component 7c (Sparrow & Inglis, 1980) and desmin (Geisler & Weber, 1982) or other proteins from intermediate filaments (Crewther et al., 1983; Dowling et al., 1983) .
(v) Hydrophilicity. Variations in the hydrophilicity of short segments of chain in relation to their position in the chain were determined by using hydrophilicity values assigned to individual amino acid residues by Hopp & Woods (1981) . Mean values for six consecutive residues along the chain were plotted against the position of the centre of the hexapeptide in the chain.
RESULTS AND DISCUSSION Structural features of component 8c-1 from keratin
For ease of discussion, segments of the sequence showing common features are described separately. Although residue numbers have been assigned to these segments, the boundaries of each segment cannot be precisely identified.
(a) Residues 1-55 (N-terminal segment). The ChouFasman and the Robson methods both predict that this region is relatively rich in ,-turns but is unlikely to contain any a-helix (Table 1) ; thus this segment may adopt a globular and compact structure. The sequence is rich in cystine and proline residues and in the uncharged polar residues serine, threonine and asparagine, often in consecutive runs. In globular proteins comprising several subunits, uncharged polar residues frequently occur at the interface between the subunits, where they appear to mediate the interactions leading to aggregation. Hence this segment of component 8c-1 may facilitate the lateral organization of component 8c-1, or structural units containing component 8c-1, in the microfibril. Homology of this segment with the C-terminal segment is discussed in (i) below.
(b) Residues 56-90 (segment IA). Both prediction methods indicate that this 35-residue region is totally a-helical (Table 1) . More importantly, it comprises five pseudo-repeating heptapeptides ofthe form (a-b-c-d-e-f-g) (Crewther & Dowling, 1971; Gough et al., 1978) in associated complexes of components 7 and 8 indicates that there is little regular structure of the chain around these residues.
Since both proline and cystine can occur in the first turn of an a-helix (Chou & Fasman, 1974a,b) , account was taken ofthe possibility that the sequence Val-Cys-Pro-Asn (residues 98-101) may form the N-terminal turn of an oc-helix. The apolar residue valine is in the appropriate position to continue the band of apolar residues in the adjacent coiled-coil region. Examination of the sequences of proteins from other intermediate filaments, however, indicated that the residue in the equivalent position is not usually apolar in character. Hence it seems probable that the adjacent coiled-coil region commences at residue 102. Residues 9 1-101 may protrude into the matrix or into the centre of the microfibril such that the terminal residues 91 and 101 lie close together, possibly within 1 nm of one another. The 1 1-residue segment contains five uncharged polar residues (serine, asparagine, glutamine) and, as for residues 1-55, may have an important role in determining modes of chain and/or molecular aggregation.
(d) Residues 102-202 (segment 1B). This region, from which the type I helical segment (Crewther & Dowling, 1971 ) is derived, is predicted to be largely oc-helical (Table  1) . It also shows a regular disposition of apolar residues in positions a and d of pseudo-repeating heptads over its entire length (Table 1) , though six of the 29 residues in these positions are polar. Since, however, other a-helical proteins known to be totally in the form of coiled-coils, such as tropomyosin, also have some polar residues in positions a and d of the heptads, it seems probable that the segment takes the form of a coiled-coil with a length of 15 nm. Provided that the limit to the axial dimensions of the structure suggested for residues 91-101 is correct, residues 56-90 and 102-202 Fast Fourier-transform techniques applied to the linear disposition of the acidic residues (aspartic acid, glutamic acid) and the basic residues (arginine, lysine) have revealed a highly significant periodicity of about 9.4 residues in both acidic and basic residues. The phases of the periods for acidic and basic residues differ by about 1800. Similar periods were reported by Parry et al. (1977) for the type I (residues 98-200, component 8) helical segment obtained from wool keratin by partial proteolysis (Crewther & Dowling, 1971) . The mean period for this region of all known intermediate-filament protein sequences is 9.55 residues.
(e) Residues 203-218 (linker L1,2). The segment from residue 201 to residue 218 is almost certainly non-coiledcoil since (i) the chain when in association with component 7, is readily cleaved by chymotrypsin at residue 200 (leucine) (Crewther & Dowling, 1971; Gough et al., 1978) , (ii) proline located at residue 216 would dislocate an ac-helix, and (iii) the prediction techniques indicate a low probability for an a-helix from residue 204 to residue 208 (Table 1) . The considerably greater size of linker LI ,2 as compared with linker LI or L2 (see below) suggests that this segment plays an important role in the formation of the four-chain microunit that is arranged helically in the microfibril (see Crewther et al., 1983) .
(I) Residues 219-237 (segment 2A). In the segment from residue 219 to residue 237 four out of five residues corresponding to positions a and d in three consecutive heptids are hydrophobic; the other residue, threonine at position 227, has some hydrophobic character (Nozaki & Tanford, 1971 ) and occurs in coiled-coil regions of this and other filamentous proteins. In all known sequences of intermediate-filament proteins the corresponding position is occupied by apolar residues. It seems probable therefore that this segment has a coiled-coil conformation of length approx. 3 nm.
(g) Residues 238-245 (linker L2). The helicity scores for this section of chain (Table 1) indicate that much of it could be a-helical. There is, however, a discontinuity in the heptad pattern of apolar residues between residues 235 and 245. Assuming that the a-helix is continuous, this indicates a disruption in the coiled-coil structure. Geisler & Weber (1983) have not taken this disruption into account and have designated the sequences of other intermediate-filament proteins corresponding to residues 222-366 as a continuous coiled-coil region.
(h) Residues 246-366 (segment 2B). This segment, which is predicted to be largely a-helical (Table 1) , contains a few short regions, three to five residues in length, which have a relatively low a-helix score. However, as the repeat of hydrophobic residues is complete except for positions 250, 260, 288, 292, 334, 345 and 362, there (Doolittle et al., 1977; Parry, 1978 Parry, , 1979 and in both skeletal-muscle and nematode myosin (Parry, 1981b; McLachlan & Karn, 1982) . All intermediate-filament proteins exhibit the same feature at the corresponding position in the sequence. Such a reversal implies a major discontinuity in the structure of the coiled-coil, and would be expected to affect the coiled-coil pitch length locally and hence the mode of interaction of the chain with its nearest neighbours. It may be of significance that the a-helix score around residue 308 is low and that a half-cystine residue is positioned at this point.
Segment 2B, like segment 1 B, has a regular disposition of both acidic and basic residues (Table 2 ), but in this case the periodicity is 9.9 residues (cf. 9.4 residues period for segment 1 B). The phases of the period for the acidic and the basic residues again differed by about 180°. The mean period for this region of all known filament proteins is 9.85 residues.
(1) Residues 367-412 (C-terminal segment). This region has no predicted a-helix or f-sheet structure, but is expected to contain a number of fl-turns (Table 1) . On the basis of this evidence alone the segment would be expected to adopt a compact globular structure, which may be located in the matrix or in the central core of the microfibril. Like the N-terminal segment, the 46-residue sequence is rich in cystine and proline residues and contains many uncharged polar residues. Hence, like the N-terminal segment, this segment may be involved in lateral interactions between chains, molecules or structural units of the microfibril. The proline residues are highly regular in their disposition, all but one being separated from other proline residues by multiples of three residues (see Fig. 1 ). The half-cystine residues show a similar three-residue regularity, and in two cases triplets of the form (Pro-Cys-Xaa) are adjacent. Residue Xaa is either apolar or an uncharged polar residue. In two other positions proline occurs with the same three-residue regularity, though not adjacent to half-cystine; likewise half-cystine occurs in two additional positions with this pattern, though not adjacent to proline. The probability of this repeat pattern occurring by chance is very small. These observations suggest that the triplet repeats are involved in forming a specific secondary structure with a functional role in the assembly of molecules forming the microfibril. Further, it suggests that this structure is stabilised by disulphide cross-linkages. The most likely structure for such three-residue repeats would be a helix containing three residues per turn and resembling the polyproline II helix (h = 0.312 nm, t = -1200). Both proline and half-cystine residues would then be aligned along such a helix. It is noteworthy that the five proline residues occurring between positions 7 and 39 in the N-terminal segment also exhibit a three-residue period, though of the eight half-cystine residues in this segment only four lie on a corresponding three-residue grid.
Residues 1-55 and 367-412 have a significant degree of homology, as deduced by using the MATCH program, mainly with respect to proline and cystine residues. The correspondence between the sequences is not of a simple 1: 1 type, but nonetheless the probability (P) that they arose independently is about 6.7 x 10-3. Simple (linear) (2) 8c - homologies exist between residues 15-39 and residues 384-408 (36% homology; P = 7.6 x 10-2) with greatest similarity in residues 19-27 and residues 397-405 (78% homology). The levels of significance for these shorter segments, however, are not high.
Ionic interactions between components 8c-1 and 7c A comparison was made of the potential ionic interactions between coiled-coil regions of components 8c-1 and 7c when arranged in parallel. The ionic interactions of chain 8c-1 with chain 8c-1 (type I-type I), chain 7c with chain 7c (type IT-type II) and chain 8c-1 with chain 7c (type I-type II) were assessed with the coiled-coil regions in register and when displaced both by one and by two heptads. A similar assessment was made for an antiparallel arrangement, but scores for the individual segments of coiled-coil cannot be summed since the segments cannot be suitably matched in this arrangement. The antiparallel arrangements of the type I and type II helical regions have low scores (Table 3) . The parallel arrangement of these segments gave a higher score than any other pairing of identical or homologous segments, and the complete chains of components 7c and 8c-1 gave an even higher score. The parallel in-register arrangements of two chains of desmin also gave a high score (Table 3) ; hence a parallel in-register interaction of components 7 and 8 appears probable.
Structural model for the molecular unit in the microfibril
The data suggest that component 8c-1 will tend to form a rod-shaped structure of the form shown in Fig. 1 . The positions of interruptions in the coiled-coil regions and the positioning and periodicity of charged groups along the chain suggest that the chain is unlikely to fold back upon itself but rather forms in association with component 7 a two-chain parallel coiled-coil rope with the dimensions shown in Fig. 1 . Studies on the interactions between components 7 and 8 and between type I and type II helical segments derived from them strongly favour a 1:1 ratio of these components in the complex (Crewther et al., 1980b; Gruen & Woods, 1983) . We can therefore envisage a rod-shaped structure consisting of two chains, one of component 8, the other of component 7, with a length somewhat greater than 40 nm and with interruptions or marked changes in pitch at its centre and at three other positions, one towards the N-terminus and two towards the C-terminus. At each end the rod carries the material that does not have a coiled-coil structure.
Homologies with proteins of intermediate filaments
The obvious homologies between the amino acid sequences of the coiled-coil regions of component 8c-1 and the corresponding regions ofcomponent 7c and other proteins derived from intermediate filaments has been discussed elsewhere (Dowling et al., 1983) . These homologies were used in proposing a general model for the structure of intermediate filaments (Crewther et al., 1983) . The significance of these homologies is considered in the preceding paper (Dowling et al., 1986) . Hanukoglu & Fuchs (1982) have classified the proteins obtained from epidermal keratin filaments as of type I or type II according to their degree of homology with the type I or type II helical segments excised from the microfibrillar proteins of wool by chymotryptic digestion (Crewther & Dowling, 1971) . These correspond to segment lB of component 8 (Fig. 1 ) and component 7 proteins respectively. Desmin, vimentin and glial fibrillary acid protein constitute a third type of intermediatefilament protein (Steinert et al., 1984a; Dowling et al., 1986) . The type I proteins include the 5OOOO-Mr protein from human epidermis (Hanukoglu & Fuchs, 1982) , the 59000-Mr protein from mouse epidermis , component 8c-1 and other members of the component 8 family. The type II proteins include the 56000-Mr protein from human epidermis (Hanukoglu & Fuchs, 1983) , the 60000-Mr protein from mouse epidermis (Steinert et al., 1984b) , component 7c and other members of the component 7 family of microfibrillar proteins. A statistical analysis of the probabilities that such sequence homologies occur by chance has confirmed this classification (Table 4 ; see also I ME 59000 Mr 6.1 x 10-14 1.4x 10-37 7.8x 10-30 HE 50000 Mr 3.3 x 10-14 1.0 x 10-39 8.9 x 10-32
II
Comp. 7c 2.3 x 10-9 7.9 x 10-4 ME 60000 Mr 1.4 x 10-3 9.1 X 10-7 3.0 x 10-7 HE 56000 Mr 3.2 x 10-6 5.2 x 10-8 III Desmin 2.6 x 10-4 2.5 x 10-7 1.3 x 10-7 Vimentin 6.6 x 10-4 3.1 x 10-7 9.4 x 10-5 GFA 2.8xlIO-3.3xl10-6 1.6x10-6 specifically in a 1: 1 molar ratio to give increased helicity and increased stability of the a-helices (Crewther et al., 1980b; Gruen & Woods, 1983) . It has been concluded (Crewther et al., 1983) (Fraser et al., 1980) to be located in the outer shell of the filament (microfibril). We will call this shell 'the annulus'. Since electron micrographs of a wide range of intermediate filaments (Steinert, 1981; Steinert et al., 1981) have shown them also to gave an annular structure, it is highly probable that the homologous segments ofchain comprise the basic structural component of the filament.
A few residues adjacent to the N-terminus of segment IA (residues [53] [54] [55] Conceivably the non-coiled-coil segments could be located either in the hollow centre of the annulus or as fringes on its outer surface (Crewther et al., 1968 (Crewther et al., , 1983 Fraser & MacRae, 1983) . The generally hydrophobic nature (Fig. 2) ofthe terminal segments ofcomponent 8c-1 and the known presence of material of different staining characteristics at the centre of the wool microfibril (Filshie & Rogers, 1961) leads to the prediction that most of the sequence comprising these segments is located at the centre of the annulus. The hydrophilicity of a peptide chain largely reflects the distribution of ionic residues along the chain, and, whereas the coiled-coil regions of component 8c-1 contain 91 ionic residues in 276 residues (33 ) and even the terminal segments of desmin contain 33 ionic residues in 155 residues (21 %), the terminal segments of component 8c-1 contain only nine ionic residues in 101 residues (9 % ). Four of these lie within 12 residues of the ends of the chain, and these terminal portions may form short fringes at the surface of the annulus. The suggestion that the terminal segments of the chain contain helices with three residues per turn that may be similar to the polyproline II helix is of importance in understanding the structure of the microfibril. Since all but five of the proline and cystine residues in the two terminal segments of component 8c-1 lie on the three-residue grid, it seems probable that a structure of this type is an important feature in these segments. The occurrence of proline and cystine residues at intervals of three residues would then result in a line of each of these residues along the helix. Disulphide-bond formation between half-cystine residues either along the helix or between adjacent helices would stabilize the structures. Blundell et al. (1981) have shown that the single a-helix in a 36-residue peptide isolated from the pancreas of turkeys is stabilized by an adjacent polyproline-like helix containing three proline residues occurring at intervals of three residues. The proline side chains interdigitate with hydrophobic side chains in the a-helix. It is possible therefore that in the keratin microfibril the proline side chains of disulphide-linked 'polyproline' helices interact with hydrophobic residues-in the coiled-coil structures of the microfibrillar annulus and so stiffen the microfibril.
It has previously been pointed out (Crewther, 1965) was interpreted in terms ofthe stabilization ofthe a-helices of the microfibrils by disulphide-rich components of the fibre through the mediation of non-covalent interactions. Thepresentproposal thatdisulphide-linked ' poly-proline' helices stabilize the a-helical coiled-coils is in accordance with that interpretation. Furthermore, the presence of multiple 'poly-proline' helices at the centre of the microfibril could account for the observation by Filshie & Rogers (1961) that some of the material constituting the core of the microfibril, like the annulus, does not stain with osmium.
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